The structure of tropical large-scale vertical velocity from ERA-40 reanalysis is 3 compared with simultaneous satellite measurements of precipitation, TOA radiation and 4 clouds from TRMM on time scales ranging from hours to months. The first two EOFs of 5 the vertical velocity profile represent the traditional deep circulation (PC1) and a 6 shallower circulation (PC2) associated with middle level divergence. Together they 7 explain 90% of total variance and can distinguish two types of upward and downward 8 motion, "top heavy" and "bottom heavy". Cloud and radiation budget quantities 9 measured on TRMM have coherent relationships to PC1 and PC2 on all time scales from 10 simultaneous to long-term means. The relative importance of PC2 is greater on short 11 temporal and small spatial scales. 
predicting future climate [Cess, et al., 2001; IPCC, 2007; Stephens, 2005] . Previous 3 studies have shown that CRF is often coupled with the large-scale circulation, which 4 affects both the amount and type of cloud present [Dhuria and Kyle., 1990; Hartmann, et 5 al., 2001; Hartmann, et al., 1992; Ockert-Bell and Hartmann, 1992] . Some efforts have 6 been made to isolate the effect of large-scale circulation on clouds by using the large-7 scale vertical pressure velocity at 500mb, 500 ω , as in Bony, et al., [2004] and Williams, et 8 al., [2003] . These methods give better representations of cloud properties and provide 9 useful process-based diagnostic tools for climate model evaluation/inter-comparison 10 [Wyant, et al., 2006] . These studies show, however, that cloud properties can vary 11 significantly even after vertical velocity and SST are accounted for [Yuan, et al., 2007] . 12 In the past three decades many studies have used radar and sounding 13 measurements to investigate convective systems over tropical oceans. Stronger grids. Quality control flags have been considered during the re-gridding process. Grids 4 with few samples (i.e. footprints or sub-grids covering less than 2/3 of the averaging grids) 5
are not used in this study. Since daily clear sky TRS are sparse and unavailable more over 6 convective areas, the monthly mean clear sky albedo data are used with daily insolation 7 to generate the clear sky TRS for grids without valid data. For this reason the SWCF 8 temporal variations are not evaluated in the high frequency analysis (periods shorter than 9 5 days). 10 To study the dependence on time scales, temporal averaging is performed on 11 varying intervals. For the compositing study, all data are first daily averaged, because the 12 TOA radiation is provided at this frequency. Then longer time averages of these 13 quantities are based on daily averages. For the study in section 5, CERES clouds and 14 TRMM PR data are averaged to 3-hour boxes, consistent with TRMM3b42. ERA-40 is 15 left as 4xdaily to preserve the higher temporal resolution . 16 3. Structure of the vertical velocity profile 17 18 To characterize the structure of the large-scale vertical velocity profile we 19 perform EOF analysis of the tropical vertical velocity profiles. Analysis is performed 20 separately for instantaneous data and for data averaged over different time periods from 21 one day to 1 month. To properly perform the EOF analysis, the pressure velocity at each shape only slightly when data with different time-scales are used. EOF1 shows a broad 12 maximum through the middle troposphere, which is associated with the deep circulation 13 mode with strong convergence/divergence in the upper and lower atmosphere. EOF2 14 shows a shift between the upper and lower atmosphere that corresponds to a broad middle 15 atmosphere convergence/divergence corresponding to shallower circulations. All EOF1 16 and EOF2 are statistically distinct from each other and from higher modes (95% level), 17 after taking into account auto-correlation following [Bretherton, et al., 1999] . By 18 projecting EOF1 and EOF2 on the original vertical velocity data we can get the first two 19 principle components PC1 and PC2. Using EOF1 and EOF2 derived based on monthly 20 mean data (thick solid and thick dashed) or 4xdaily data (solid with squares and dashed 21 with squares) resulting PC1s have a correlation of 0.9996 (r 2 =99.9%) with the regression 22 1.002(0.2%). Resulting PC2s have a correlation of 0.986 (r 2 =97.2%) with the regression 23 1.005 (0.5% deviation). Thus using different averaging periods to determine the EOFs 1 has no effect on the PCs. The fraction of variance explained by EOF2 is greatest for 2 instantaneous data and decreases with averaging period (Fig. 1b) , which indicates that the 3 second mode is associated more with short-term variability. EOF1&2 together 4 persistently explain (85%~90%) of the total variance. Power spectral analysis of PC1 and 5 PC2 (not shown) shows that about 80% of total variance is explained by periods longer 6 than 5 days for PC1 and only about 50% for PC2. Since the internal mode PC2 has a 7 slower gravity wave speed than PC1, it is likely that the smaller temporal and spatial 8 scales of PC2 arise from the forcing that drives it. It is driven in the positive phase by 9 shallow convection and in the negative phase by mature stratiform convection. It is likely 10 that the slow radiative cooling of clear skies that balances most of the convective heating 11 has a deep structure like PC1, and the response of the clear-sky cooling is likely to be 12 slow, so this may also help to explain the difference in time scale between PC1 and PC2. 13 Figure 2 shows the maps of annual mean PC1 and PC2 derived from ERA40 14 based on 10 years of data. They are scaled by each EOF's amplitude. We define the 15
EOFs' sign such that positive/negative PC1 means downward/upward motion. Positive 16 PC2 means low level upward motion and high level downward motion, which 17 corresponds to middle level divergence. The scaled PC1 value is nearly equivalent to the 18 middle troposphere pressure velocity and PC2's magnitude is equivalent to the amplitude 19 of the vertical change of velocity. The map of annual mean PC1 looks almost exactly like 20 500 ω and so characterizes the typical mean tropical large-scale circulation pattern.
21
The map of PC2 brings some new information in addition to PC1. It shows that 22 over the eastern ITCZ PC2 has positive sign. As described in Back and Bretherton, [2006] 23 that constitutes the "bottom heavy" type of vertical motion profile. This is also consistent 1 with Trenberth, et al., [2000] and Zhang, et al., [2004] that over the eastern Pacific ITCZ 2 area middle level meridional overturning rises over the warm SST region. Over the 3 western Pacific region the PC1 and PC2 are both negative ("top heavy" upward motion), 4 which indicates a deep layer of convergence in the lower troposphere. These differences 5 in the mean motion field are consistent with more stratiform elevated clouds in the 6 western Pacific Ocean [Houze, 1982] . The middle level overturning circulation over the 7 east Pacific Ocean associated with the "bottom heavy" upward motion may be related to 8 strong SST gradients [Back, 2007; Zhang, et al., 2004] and less upper level anvil clouds 9 [Kubar, et al., 2007] . 10 In this study we use EOF1 and EOF2 to characterize the vertical velocity profile 11 and composite other cloud and radiation variables into a PC1 and PC2 phase space. The 12 different types of vertical velocity profiles (or anomalies of vertical velocity profiles) in 13 the PC1-PC2 phase space are shown schematically in Fig. 3 . Quadrants 1 and 3 represent 14 "bottom heavy" vertical motion and quadrant 2 and 4 represent "top heavy" vertical 15 motion. 16 17 
Compositing observations into PC1-PC2 coordinates

18
The observed precipitation, TOA radiation and retrieved clouds are composited 19 into bins defined by PC1 and PC2. We separate the compositing into two parts. First we 20 compute the temporal anomalies from both reanalysis data and observations. These 21 observed anomalies are then assigned to this array based on these anomalies of PC1 and 22 PC2. We will label these anomalies as δ PC1 and . Fig. 4d suggests that more intense convection produces more negative net 3 radiation, which tends to lower the sea surface temperature and inhibit convection. 4
Because the long-wave effect and the short-wave effect of clouds tend to cancel each 5 other, the change of the net radiation is relatively small (~15W/m 2 ). 6
Cloud information is shown in Fig.4e-4h . The cloud forcing is not shown because 7 the LWCF primarily shows the same information as the OLR and the daily SWCF data is 8 sparse in the high frequency sample (see section 2). Generally clouds are consistent with 9 which are also areas with stronger SST gradients within the warm pool area. Similar 21 results can be obtained from shorter time scale study (daily anomalies from 5 days mean). 22
The EP (not shown) shows similar results as for the WP warm pool. 23
4b. Composites based on long-term mean 1
We next use 30-days running mean data, so that the composites mainly reflect 2 changes associated with spatial gradients of temporal means. Large inhomogeneities in 3 the net downward radiation (Fig. 6d ) are present in these data. The composite of ERA-40 4 SST (Fig. 6l ) has a similar pattern as the net radiation, with high SST associated with 5 high net radiation and vice versa. In the most "top heavy" upward motion regime the net 6 radiation is about 80~ 100W/m 2 , and these regions correspond to regions of the warmest 7 SST. For strongly "bottom heavy" upward motion regions, the Net radiation is 40-8 60W/m 2 . The "top heavy" upward motion region corresponds to intense precipitation 9 (10~12mm/day), extensive anvil clouds (15~20%), more high-thick clouds (5~10%), 10 more high-thin clouds (7.5~10%) and less lower clouds (~40%). The dependence of the 11
Net radiation now has the opposite sign compared with anomaly studies (comparing Fig.  12 6d with Figs. 5d and 4d). This is because in anomaly studies most of Net radiation 13 changes are due to cloud changes. While for the long-term mean study, changes in the 14
Net radiation mainly result from the spatial variance of the incoming solar radiation. 15
Warm ocean areas receiving the most energy are the most active and produce more deep 16
convection. 17
Unlike in the anomaly studies shown previously, high-thin clouds ( and PC2 but is relatively more sensitive to PC2. 7
4c. Relative dependence on PC1 and PC2 8
To quantitatively estimate the relative dependence of other variables on PC1 and 9 PC2 we perform a linear regression based on the composited phase plots (Figs 4-6): 10
where V refers to dependent variables. ' V , ' 
4e. Radar rainfall composite 23
Here we show the dependence of shallow rain rate from PR on PC1 and PC2 1 derived from 2 years of PR data for the WP warm pool area. Since PR data is sparse and 2 precipitation may change rapidly, we match PR with vertical velocity using 3-hourly 3 averages (i.e. the PR estimate during ±1.5hr around 00z, 06z, 12z, 18z). The composite is 4 based on 3-hourly averaged PR rain rate and instantaneous vertical velocity. The shallow 5 rain rate is defined as valid precipitation with radar echo top lower than 5km. Fig. 7  6 shows the shallow rain rate is greatest in the "bottom heavy" upward motion regime. 7
Because the precipitation rates are weak, latent heating is not likely the causal factor of 8 the strong upward motion in the lower atmosphere. The "bottom heavy" regime is over 9 the relatively cold SST area in the warm pool region. This might suggest that strong low 10 level convergence tends to force convection to happen over relative cold SST. Since the 11 thermodynamic conditions do not favor deep convection (cold SST, small CAPE .etc) the 12 convection tends to be shallow there. It is known that PR misses light rain rates 13 (reflectivity<17dbz or RR<0.4mm/day), so that additional light rain events are largely 14 missed. 15 retrieving techniques make it difficult to directly study the temporal evolution of tropical 7 convection from LEO, however. The geostationary IR radiometer is the only platform 8 that can sample individual convective systems continuously over their entire life cycle 9 (hours to days), but the information we can get from the IR channels is highly limited. Here we want to explore the short-term temporal evolution of precipitation, 14 vertical motion and cloud system associated with intense convective events using a 15 compositing method with the help of TRMM3b42 precipitation. We composite all 16 observed variables into a temporal reference frame and see the temporal evolution from a 17 large number of samples rather than individual cases. We can align infrequent 18 observational measurements to more frequent measurements by using a relative space-19 time frame so that we can focus on short-term process studies. To achieve this goal, we 20 use the TRMM3b42 precipitation as the reference variable, since it has the highest 21 temporal frequency (3-hourly) and is a reasonable index of the strength of convective 22
Temporal relationships
systems. Second, we calculate the probability distribution of precipitation rate for 23 precipitating grids (only counting non zero precipitation points) over the WP. Then we 1 choose a threshold value to select times and locations of strong convective events. We 2 pick the highest deciles of rain rate points as reference times (the 3-hour mean rate bigger 3 than 2mm/hr). 4
The TRMM3b42 is thus used to locate the time and location of intense 5 precipitating events. We set as the origin each specific time and each specific location 6 identified as containing intense precipitation. Then we composite other available 7 variables near the spatial position at times before and after that time. To have an objective view of the relative dependence of other variables on PC1 22
and PC2 we perform a linear regression similar to that in section 4. For each variable 23 V(x,y,t) in the composited time-space frame, which "x" and "y" are the position of the 1 box(1 O x1 O size) and the "t" is the time in the composited phase space (plots in Fig. 8 Then the temporal anomalies can be normalized: 6
The σ is the standard deviation of all the data points within the composited space: 8
where N x and N y are the number of grids shown in plots at x and y direction and the 10 number of time frames used (17, from -24 to +24 hours), respectively. The least square 11 fits (Eq. 6) are then performed on ' 1 PC , ' 2 PC and ' V . 12 [Kubar, et al., 2007] data. More 11 shallow rain is found over the areas with "bottom heavy" upward motion suggesting 12 convection favors the area with strong low level convergence which could moisten the 13 lower and middle atmosphere. 14 Over the WP warm pool PC1 tends to reach its peak 3 hours before intense 15 precipitating events but PC2 reaches its peak 3 hours later than precipitation. Strong 16 upward motion tends to develop in the lower atmosphere at first and then change to the 17 more "top heavy" type upward motion later during the evolution of convective events . 18 This has been seen before from case studies using radar and sounding data [e. g. has to be responsible for the development of "top heavy" type upward motion in the 7
Tropics. However, what exactly determines the phasing of the large-scale middle-level 8 convergence (PC2), whether it is entirely determined by the dynamical response to 9 elevated latent heating or it is due to the phase changes of the heating profile, is not clear. 10
Similarly, the ultimate cause of the "bottom heavy" vertical velocity and 11 associated shallow convection is also likely to be a combination of dynamical forces and 12 thermodynamics (SST, lapse rate and the relative humidity profile, etc.). It is suggested 13 that SST gradients drive shallow circulation [Back, 2007; Nolan, et Tables   1   Table 1 
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